molecules

Article

Mechanical Force-Induced Color-Variable Luminescence of
Carbon Dots in Boric Acid Matrix

Shuai Meng !'*, Dengke Cheng "*, Hailing Gu !, Yuchen Li !, Yukun Qin ?, Jing Tan * and Qijun Li 3*

check for
updates

Citation: Meng, S.; Cheng, D.; Gu, H,;
Li, Y,; Qin, Y;; Tan, J.; Li, Q.
Mechanical Force-Induced
Color-Variable Luminescence of
Carbon Dots in Boric Acid Matrix.
Molecules 2023, 28, 3388. https://
doi.org/10.3390/molecules28083388

Academic Editors: Xianping Chen,
Qiangian Hu and Zeping Wang

Received: 24 March 2023
Revised: 9 April 2023

Accepted: 10 April 2023
Published: 12 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Micro-Nano Optoelectronics and Terahertz Technology, School of Mechanical Engineering,
Jiangsu University, Zhenjiang 212013, China

Institute for Energy Research, Jiangsu University, Zhenjiang 212013, China

School of Mechanical Engineering, Yangzhou University, Yangzhou 225009, China

*  Correspondence: tanjing@ujs.edu.cn (J.T.); ligijun@yzu.edu.cn (Q.L.)

t These authors contributed equally to this work.

Abstract: Mechano-luminescent materials that exhibit distinct luminescence responses to force stim-
uli are urgently anticipated in view of application needs in the fields of sensing, anti-counterfeiting,
optoelectronic devices, etc. However, most of the reported materials normally exhibit force-induced
changes in luminescent intensity, whereas materials that possess force-induced color-variable lu-
minescence remain rarely reported. Herein, for the first time, a novel mechanical force-induced
color-variable luminescence material from carbon dots (CDs) in boric acid (CD@BA) is reported. At
low CDs concentration, the luminescence of CD@BA exhibits a grinding-induced color variable from
white to blue. This grinding-induced color variable can be switched to yellow-to-white changing by
increasing the CDs concentration in BA. The grinding-induced color-variable luminescence originates
from dynamic variation in emission ratio of fluorescence and room temperature phosphorescence, due
to the influence of oxygen and water vapor in the air. At high CDs concentration, short-wavelength
fluorescence undergoes more severe reabsorption compared to room temperature phosphorescence,
leading to grinding-induced color-variable switching from white-to-blue to yellow-to-white. Based on
the unique properties of CD@BA powder, the applications of recognizing and visualizing fingerprints
on the surfaces of various of materials are demonstrated.

Keywords: carbon dots; force-induced color-variable luminescence; fluorescence; room temperature
phosphorescence

1. Introduction

Mechanical luminescent color-changing materials can undergo significant luminescent
color changing under external mechanical stimuli, such as grinding, cutting, compres-
sion, or stretching. Due to the color or intensity of mechanical luminescent materials
that can respond to external stimuli, they have good application prospects in clean light
sources, mechanical stress sensing, material damage monitoring, anti-counterfeiting, flexi-
ble electronics, and other fields [1-7]. The mechanical luminescent phenomenon was first
discovered by Francis Bacon in 1605, where luminescence could be observed by scrap-
ing sugar cubes. Tu et al. developed a novel phosphorescent material CaZnOS:Cu in
2015, which exhibits mechanical force luminescence quenching. When a mechanical force
is applied to the material, it gradually shows that the departure light is quenched [8].
Xue et al. designed and synthesized nonplanar D-A phenothiazine derivative crystals. The
sample after grinding displayed an unprecedented efficient yellow-green room temperature
phosphorescence (RTP) enhancement phenomenon (approximately sixfold increase) [9].
However, most of the reported materials normally demonstrated force-induced lumines-
cent intensity changes, whereas materials with force-induced color-variable luminescence
still need further development. Liu et al. reported a novel blue-shift and enhanced
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luminescent material formed by combining energy transfer inhibition and aggregation-
induced emission activation [10]. Man et al. developed an organic compound that is
highly efficient and undergoes significant changes in green-to-orange fluorescence (FL)
at low pressure [11]. The mechanism of mechanical luminescent materials is explained
by the changes in the conformation and stacking mode of compounds under mechanical
force, such as changes from crystalline to amorphous morphology, or changes between
two different crystal phases [12,13]. These materials can control the stacking mode of
molecules through grinding, fumigation, and thermal annealing to achieve a reversible
conversion of luminescence [14,15]. However, most mechano-luminescent materials are
based on organic molecules, organometallic complexes, or organic dye-doped polymers,
and these materials usually involve a complex preparation process, high cost, or poor
repeatability. Thus, the further exploration of novel mechanical force-induced multi-color
luminescent materials with simple synthesis processes, high photo stability, and low toxicity
are necessary.

Carbon dots (CDs) are a kind of spherical carbon nanoparticle with luminescence
properties and a size of less than 20 nm [16]. As a new class of luminescent nanomaterial,
CDs have aroused enormous attention because of their attractive merits such as simple
synthetic routes, low cost, low toxicity, and high photo stability [17-29]. CDs were first
discovered at the University of Carolina in the United States in 2004. When purifying
single-walled carbon nanotubes from arc discharge ashes, Xu et al. accidentally isolated
a carbon nanoparticle with an extremely small size and FL characteristics [30]. The struc-
ture of CDs is usually composed of an sp2/sp3 hybrid carbon nucleus, and the surface
is usually composed of oxygen/nitrogen-based surface functional groups (-OH, -COOH,
-NH;) and rich polymer chains [31]. Due to a variety of synthesis methods (top down
and bottom up) and a wide range of raw materials (graphite, small molecules, polymers,
and even natural materials), various types of FL CDs were rapidly synthesized. For ex-
ample, Zhang and coworkers synthesized N-doped hydroxy functionalized CDs with an
ultra-high quantum yield (QY) of FL 99% [32]. Wang et al. prepared full-spectrum FL
emissive CDs that can be further nurtured by slight modifications of the reaction conditions
(e.g., temperature, pH) to generate an emission color from blue to red. [33]. In 2013, the first
CD-based RTP materials were reported by combining CDs into polyvinyl alcohol (PVA)
composite. The obtained films showed a green afterglow after a UV light excitation. The
RTP originated from aromatic carbonyls on the CDs surface and the PVA matrix effectively
protected their energy from rotational or vibrational loss by rigidifying these groups with
hydrogen bonds [34]. After nearly a decade of development, the RTP properties of CDs
were greatly improved and developed through various chemical methods, such as het-
eroatom doping, surface passivation, or surface engineering. Recently, our group exploited
a facile aggregation-induced RTP emission strategy from CD-based composites, which
exhibited a color fine-tunable and wide-range RTP covering from green to near infrared [35].
Liu et al. controlled CDs@SiO, composite multicolor afterglow emission by adjusting the
carbonization degree of CDs at variable calcination temperatures [36]. Lin et al. developed
the organic long-lasting luminescence system based on CDs, with an afterglow duration of
more than 1 h [37].

Based on the rich optical properties of CDs, a large number of stimulus-response
photochromic luminescence CDs have been reported. For example, Li et al. reported that
the color changing of RTP from blue to green was achieved by water-induced stimulation
of the self-assembly of CDs [38]. Our group achieved alkali-induced color-changing RTP by
alkali-induced phenolic hydroxyl ionization on the surfaces of CDs to generate new phos-
phorescent centers and applied this to information encryption and anti-counterfeiting [39].
Zhao et al. reported CDs with rare extremely acidic sensitivity (PH 1-3). A distinguishable
red/brown/green tricolor change was achieved for visual readout and instrument-free
sensing by simply tuning the pH to 1, 2, or 3 [40]. Eugenia Kumacheva reported a nanostruc-
tured solvent chromic temperature indicator derived from cellulose nanocrystals (CNCs)
and CDs. The temperature indicator can observe different FL color responses at different
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temperatures [41]. However, the development of mechanical force-induced color-variable
luminescence in a single CDs system remains a formidable challenge. To the best of our
knowledge, force stimuli-responsive CDs materials with dynamic color-changing lumines-
cent properties have not yet been reported.

In this work, a novel mechanical force-induced color-variable luminescence CDs
material was developed using the heat treatment of CDs and boric acid (BA) for the first
time. At low CDs concentration, the luminous color of the prepared CD@BA changes
from white to blue after grinding. This color changing can be switched to yellow-to-
white by increasing the concentration of CDs in BA. The grinding-induced color-variable
luminescence originates from dynamic variation in the emission ratio of FL and RTP.
For the samples with high CDs concentration, the luminescent color of the CD@BA bulk
shows a grinding-induced change from yellow to white. The different force-induced
color-variable luminescence is attributed to short-wavelength FL undergoing more severe
reabsorption at high concentrations than RTP. Moreover, the manufactured CD@BA powder
was successfully applied to fingerprint detection and visualization technology, based on
unique optical properties.

2. Results and Discussion

The preparation of CDs and the corresponding composite with BA is summarized
simply in Figure 1. In detail, the CDs were synthesized by a one-pot hydrothermal treatment
of lycorine hydrochloride at 200 °C for 2 h, whereas CD@BA bulk was prepared facilely
via a thermal treatment of a mixture of CDs and BA. The morphologies of the CDs in
CD@BA were analyzed using TEM and HRTEM (Figure 2a). Figure 2a shows that the CDs
had an average diameter of 4.3 £ 1.2 nm and a well-resolved lattice spacing of 0.21 nm,
corresponding to the (100) facet of graphite carbon.
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Figure 1. Schematic illustration of the preparation procedure for the CDs and CD@BA bulk
and powder.

The chemical structure and photophysical properties of CDs and CD@BA were studied.
The structure and composition of CDs and CD@BA powders were investigated using the
FTIR spectrum (Figure 2b). The FTIR spectrum of CDs exhibits characteristic absorption
peaks at 3141-3772, 1631, and 1611 cm™!, which were assigned to the O-H, C=0, and
C=C stretching vibrations, respectively. The characteristic absorption peaks located at
1429 and 1548 cm ! demonstrated the existence of C-N and C=N on CDs. After incorporat-
ing CDs into the thermally annealed BA matrix, a new absorption peak can be observed
at 941 cm~!, which corresponds to the C-B stretching vibration, indicating BA molecules
functionalized on the CDs surface after thermal treatment [42-46]. To further illustrate
the chemical structure, chemical bonds were analyzed using XPS. As shown in Figure 2b,
the XPS results of CD@BA, the high-resolution B 1s spectrum of CD@BA can be fitted to
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three bands centered at 195.3, 193.9, and 192.9 eV, which belong to B-O, B,O3, and BCO,,
respectively [47], meaning a dehydration process occurs between CDs and BA. Therefore,
the XPS and FTIR analyses indicated that CDs are successfully embedded in BA matrix and
covalent coupling reactions occur between CDs and BA.

—~
(¢
~

(b)

(C—

Raw Intensity
Peak Sum
Background

—— CD@BA powder,
~— CDs powder

Transmittance (%)
Intensity (a.u.)

3500 3000 1500 1000 198 2

196 194 19
Binding Energy (eV)

(d) (e) Wavenumber (cm™) )

s —— CDs aqueous solution PL —77K
- s CD@BA bulk RTP ——298 K
5 2 —— CD@BA bulk PL 3
2 : i
Q 2 >
g = B

[

: :
@ = £
Qo ©
< £

b

S 7

200 \%)gveler:o:h (m:)oo 800 400 450 500 550 600 650 700 400 450 500 550 600 650 700 750
9 Wavelength (nm) Wavelength (nm)

Figure 2. (a) TEM image of the CD@BA and inset, corresponding HRTEM image; (b) FTIR spectra of
CDs and CD@BA powder; (c) High-resolution B 1 s XPS spectrum of CD@BA powder; (d) UV-visible
absorption spectrum of CDs aqueous solution; (e) PL emission spectrum of the CDs aqueous solution,
PL and RTP emission spectra of the CD@BA bulk; (f) RTP emission spectra of CD@BA bulk at
298 and 77 K, under 365 nm excitation.

The optical characteristics of CDs were investigated by measuring the absorption,
which was collected in Figure 2d. The UV-visible absorption spectrum of CDs aqueous
solution shows two dominating absorption bands at approximately 265 and 390 nm, which
are attributed to the 7-7t* transition of C=C bonds and n-7t* transition of C-N/C=N bonds,
respectively [48,49]. As shown in Figure S1, the excitation spectrum of CD@BA bulk under
530 nm emission, the excitation bands located in the range from 300 to 500 nm overlap
with the absorption band of C-N/C=N [50]. Therefore, the above results show that the RTP
emission band at 530 nm mainly originates from the C-N/C=N bonds in CDs.

Under daylight, the CD@BA bulk appears transparent with a light-yellow color
Figures 1 and S2; the CD@BA bulk exhibits yellow-green PL under UV lamp excitation
(365 nm), and after the UV lamp is switched off, the yellow RTP can last for about 9 s under
natural conditions. In Figure 2e, the PL spectrum of CD@BA bulk displays two significant
emission peaks approximately at 430 and 530 nm. The emission peak at 530 nm in the PL
spectrum of CD@BA bulk almost coincides with its peak in the RTP spectrum. Moreover,
the CDs aqueous solution contains a main emission peak at 430 nm, which almost coincides
with the emission peak at 430 nm in the PL spectrum of the CD@BA. It is well known
that the quenching of RTP usually occurs under water due to the strong hydrogen bond-
breaking ability of water molecules. Therefore, the peak at 530 nm is mainly derived from
RTP. In addition, the temperature-dependent RTP spectrum of CD@BA bulk (Figure 2f)
shows that the RTP emission intensity 530 nm is significantly increased at 77 K compared
to 298 K. The temperature-dependent phosphorescent decay spectrum of CD@BA bulk
(Figure S3) reveals that the phosphorescent delay lifetime increased at 77 K compared to
298 K. The FL decay spectrum of CD@BA bulk (Figure S3b) indicates a lifetime of 12.2 ns
in the 430 nm band, confirming its fluorescence nature. Based on the above analysis, it is
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further indicated that the peak at 530 nm in the PL spectrum is mainly derived from RTP
rather than delayed FL.

In further experiments, we prepared CD@BA bulk with different concentrations
of CDs and studied their normalized PL spectra under 365 nm excitation (Figure S4,
Table S1). Interestingly, the CD@BA displays an unprecedented luminescent color-changing
phenomenon before and after grinding. As displayed in Figure 3a, the luminescence color
of CD@BA with low CDs concentration exhibits white-to-blue transition after grinding.
The grinding-induced color variable can be switched to yellow-to-white changing at high
CDs concentration (Figure 3b). The PL emission spectra of CD@BA with different CDs
concentrations (Figure 3a,b) show that both the yellow RTP and blue FL intensities enhance
after grinding, but they exhibit different enhancement ratios. The XRD spectrum (Figure 3c)
for the CD@BA bulk presents broad and weak peaks, whereas the CD@BA powder presents
several sharp diffraction peaks, indicating a grinding-induced structural transition from an
amorphous to a crystal phase. A more rigid crystalline environment can effectively reduce
nonradiative transitions compared to amorphous environments, resulting in FL. and RTP
enhancement [51-53]. Before and after grinding, the FL enhancement is greater than RTP.
This is mainly because the RTP of the fine-grained particles after grinding is more sensitive
to oxygen and water vapor in the air. We tested the PL emission spectra of CD@BA powder
stored in air and in a vacuum environment (Figure S5). Under air conditions, the decrease
in the RTP of CD@BA powder is greater than that of the FL, whereas there is almost no
quenching when CD@BA powder is stored in a vacuum environment. These results show
that RTP is more sensitive to oxygen and water vapor in the air. However, the fine particles
produced by grinding make the RTP of CDs more easily quenched by oxygen and water
vapor in the air, resulting in the increase of FL and RTP intensity in different proportions.
Therefore, a grinding-induced luminous color blue-shift from CD@BA was observed. The
normalized RTP excitation spectra of CD@BA with different CDs concentrations (Figure 3d)
show that the RTP excitation spectrum with an emission at 530 nm overlaps with its FL
emission peak and the overlap area is larger at high CDs concentration. Therefore, we
concluded that the different grinding-induced color-variable luminescence is mainly at-
tributed to the short-wavelength FL, which undergoes more severe reabsorption at high
CDs concentrations, leading to the intensity of FL being lower than that of phosphorescence.

Based on the above results, we propose a force-induced color-variable luminescence
mechanism according to the schematic illustration presented in Figure 4. After grinding, the
transition of CD@BA from amorphous to crystalline state occurs instantaneously, leading
to a significant enhancement in both FL and RTP emission intensity. However, because
the RTP of the fine-grained particles after grinding is more sensitive to oxygen and water
vapor in the air, the increase of FL and RTP intensity occurs in different proportions.
Thus, force-induced color-variable luminescence is realized. The observed variations in
luminescence color for CD@BA at high CDs concentration are primarily attributed to the
short-wavelength FL undergoing more severe reabsorption at high CDs concentration.

CD@BA powder has promising potential in fingerprint detection technology; it success-
fully detects and visualizes fingerprints from different materials due to its advantageous
properties. As shown in the fingerprint identification process of fingerprint morphology
in Figure 5a, fingerprints are pressed onto the surfaces of various materials, then CD@BA
powder is sprayed onto the fingerprint area. The area with fingerprints absorbs a large
amount of powder and shows blue FL under the UV lamp. The green RTP appears after
the UV lamp is turned off. For different materials, fingerprints can be detected using
the luminescence of the CD@BA powder before or after irradiation using UV lamps. For
example, Figure 5b,c show that the fingerprint is easily visible on non-fluorescent substrate
materials under a UV lamp. However, in Figure 5d, the substrate material is fluorescent,
and the fingerprint is difficult to distinguish when the UV lamp is turned on. However,
after the UV lamp is turned off, the area with fingerprint traces will still exist RTP. Because
the substrate materials have no RTP, the fingerprint remains clearly visible after the UV
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lamp is turned off. Therefore, CD@BA powder can effectively extract fingerprints on the
surface of various materials.
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Figure 3. (a) PL emission spectra and digital picture of the CD@BA bulk and CD@BA powder at low
CDs concentration under 365 nm lamp; (b) PL emission spectra and digital picture of the CD@BA bulk
and CD@BA powder at high CDs concentration under 365 nm lamp; (c) XRD spectra of the CD@BA
bulk and CD@BA powder; (d) The excitation spectra (Aem = 530 nm) of CD@BA with different CDs
concentrations and FL emission spectrum of the CDs aqueous solution (blue line).

Grinding
Luminescence

" enhancement 0,
CD@BA bulk CD@BA powder
) Y Isc / 7y
L |
g m [ A \ A § : g
w r | H20+02 - \ m
U T

Figure 4. Schematic of the proposed force-induced color-variable luminescence mechanism of CD@BA
composites. Abs., absorption; FL., fluorescence; RTP, room temperature phosphorescence.
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Figure 5. (a) fingerprint identification process of fingerprint morphology; (b) transparent, (c) opaque,
and (d) fluorescent materials under different light conditions.

3. Materials and Methods
3.1. Chemicals and Reagents

Unless otherwise noted, all reagents were purchased from chemical reagent suppliers
and can be used without further purification. Lycorine hydrochloride (AR, 5 g) and boric
acid (99.5%, 500 g) were purchased from Aladdin (Shanghai, China). Deionized (DI) water
(18.2 MQ) cm at 25 °C), obtained using a Milli-Q (MQ) water system, was used in all
the experiments.

3.2. Apparatus

The transmission electron microscope (TEM) and high-resolution transmission electron
microscope (HRTEM) images were acquired using a Talos F200X (FEI, Hillsboro, OR, USA)
TEM operating at 200 kV. TEM is a type of accelerated and concentrated electron beam
transmitted onto a very thin sample; electrons collide with atoms in the sample and change
direction, resulting in stereo-angle scattering. The size of the scattering angle is related to the
density, thickness, etc., of the sample, so it is possible to form a light and dark image, and the
image is magnified, focused, and displayed on imaging devices (such as phosphor screens,
films, and photosensitive coupling components). For TEM measurements, a drop of solution
was placed on a carbon coated copper mesh and allowed to dry naturally before observation.

Fourier transform infrared (FTIR) spectroscopy was performed on a Bruker Tensor
27 spectrophotometer (Bruker, Billerica, MA, USA); the scanning wavenumber range
was 4000-400 cm ™!, and the accuracy was 0.01/2000 cm~!. When infrared light with
a continuous wavelength passes through the substance, the vibration frequency or ro-
tation frequency of a group in the molecule of the substance is the same as the fre-
quency of infrared light, the molecule absorbs energy from the original ground state
oscillation (rotation) kinetic energy level to a higher energy vibration energy level, the
molecule absorbs infrared radiation after vibration and rotation energy level transition,
and the wavelength of light is absorbed by the substance. Therefore, infrared spectroscopy
is an analytical method to determine the molecular structure of substances and iden-
tify compounds based on the relative vibration between atoms and molecular rotation
inside molecules.

UV-visible absorption spectroscopy was performed using a Shimadzu UV-3600 spec-
trophotometer (Shimadzu, Kyoto, Japan) and collected in the range of 200-800 nm, with a
step size of 0.5 nm and 0.5 sec/step. UV-visible absorption spectroscopy is caused by the
transition of valence electrons after molecules (or ions) absorb ultraviolet or visible light.
Because transitions between electron energy levels are always accompanied by transitions
between vibration and rotational energy levels, the UV /VIS spectrum exhibits a wide band.
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X-ray photoelectron spectroscopy (XPS) measurements were performed using an
ESCALAB 250 XPS system (Thermo Electron Corporation, Waltham, MA, USA). Based
on photoionization, when the energy of the excitation source is fixed, the energy of its
photoelectrons is only related to the type of element and the atomic orbital of the ionization
excitation, so that the element type of the substance is qualitatively analyzed according
to the binding energy of the photoelectrons. After X-ray irradiation, the intensity of
the photoelectrons emitted from the sample surface has a linear relationship with the
concentration of the atom in the sample, and further semi-quantitative analysis of the
elements can be performed. In addition, an important application of XPS is the analysis of
the chemical valence state of elements. It can be used to study the elemental type, chemical
valence, and relative content of the sample surface (1-10 nm) of various solid materials.

X-ray diffraction (XRD) patterns were obtained with a Rigaku 18 KW D/max-2550
(Rigaku, Tokyo, Japan) using Cu-Ka radiation and collected in the 26 range of 10-70°. It can
be used for crystal structure analysis, structure refinement, phase analysis and multi-phase
content analysis of inorganic materials, crystallinity analysis of polymer materials, and can
be analyzed and tested for powder, block, and thin film samples.

Time-resolved RTP decay curves were tested by the time-correlated single-photon
counting (TCSPC) technique on an FS5 FL spectrophotometer with a PS pulsed laser of
365 nm. The PL, absolute QYs, and RTP lifetimes were measured using an Edinburgh FS5
spectrophotometer (Edinburgh, Edinburgh, UK) equipped with a xenon arc lamp (Xe 900),
microsecond flashlamp (uF 900), and an integrating sphere. The luminescence lifetimes ()
were obtained by fitting the decay curve with the following multi-exponential decay function:

Al

I(t)y =) . Awe T, 1)

where A; and T1; are the amplitude and lifetime of the individual components of the multi-
exponential decay profiles, respectively.

The photographs were taken using an intelligent mobile phone in different environ-
ments (daylight and 365 nm).

3.3. Synthesis of CDs

The CDs were synthesized using a simple hydrothermal method. Typically, lycorine
hydrochloride (0.1 g) and deionized water (30 mL) were added to a Teflon-lined autoclave
(100 mL) and sonicated for 1 min to ensure a homogenous mixture. Then, the equipment
was used in a high-temperature blast drying oven (BPG-9050AH, Yiheng Technology,
Shanghai, China) heated at 200 °C for 2 h. After completion of the hydrothermal carboniza-
tion process, a light-yellow dispersion solution was obtained. The resulting light-yellow
solution was centrifuged at high speed (8000 rad /min) for 5 min to remove large or con-
densed particles, and the above steps were repeated three times. The solution was then
dialyzed with DI water using a dialysis membrane (500 Da) for 12 h; the water was changed
three times during this period. Then, the dispersions were frozen at —18 °C for 24 h and
set sequentially to be lyophilized for 72 h. Again, this produced brown powder products.
This lyophilized CDs powder was then used for research.

3.4. Synthesis of CD@BA with Different Concentration of CDs

Boric acid (3 g) was first diluted with DI water (30 mL) and mixed with the CDs
(2, 13, 20, 50, 100, 150, and 200 mg) in a beaker. The beaker was sonicated for 20 min
to completely dissolve the BA. Next, the beaker was covered by perforated aluminum
foil, placed in an oven at 200 °C for 3 h, and subsequently cooled down naturally to
room temperature to form glassy state CD@BA bulk. Finally, CD@BAs with different CDs
concentrations were obtained. Low CDs concentrations and high CDs concentrations were
prepared using 13 mg and 200 mg of CDs solution, respectively.
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4. Conclusions

In summary, we developed a novel CD@BA composite that exhibits grinding-induced
color-variable luminescence. The as-prepared CD@BAs with low and high CDs concen-
trations exhibit a grinding-induced color-variable luminescence from white to blue and
yellow to white, respectively. Further studies showed that blue FL increases more signifi-
cantly than RTP after grinding; it may be that the RTP of the finely grained particles after
grinding is more easily quenched by oxygen and water vapor in the air. At a high CDs
concentration, short-wavelength FL undergoes more severe reabsorption compared to RTP,
leading to luminescence color changes from yellow to white. In addition, we demonstrated
the application to fingerprint detection and visualization technology by using the unique
luminescent properties of CD@BA powder. This work not only provides a convenient
method for the manufacture of grind-induced color-variable luminescent materials, but
also paves the way for the design and construction of next-generation stimulus-responsive
CDs materials.
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spectrum of CD@BA bulk under 530 nm emission; Figure S2: Digital photographs of CD@BA
bulk before and after turning off the 365 nm UV-irradiation source and under daylight conditions;
Figure S3: Room temperature phosphorescence decay curves of CD@BA bulk at 77 k and 298 k
(Aex = 365 nm and Aem = 530 nm); Figure S4: The normalized PL emission spectra of CD@BA bulk
with different CDs concentrations under 365 nm lamp; from top to bottom: 2, 13, 50, 100, 150, 200 and
250 mg; Figure S5: PL emission spectra of CD@BA powder stored in air and vacuum environment,
respectively; Table S1: emission spectral data of CD@BA with different CDs concentration.

Author Contributions: S.M. and D.C. performed most of the experiments and wrote the main
manuscript. H.G. prepared the composites and analyzed the data. Y.Q. and Y.L. tested the properties
of the composites. Q.L. and J.T. designed the whole experiment and provided many suggestions for
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China
(No. 52002152 and 62005106), the Primary Research & Development Plan of Zhenjiang-Modern
Agriculture (NY2021007), and the Postgraduate Research & Practice Innovation Program of Jiangsu
Province (Grant No. KYCX22_3629).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article and
supplementary material.

Acknowledgments: We would like to thank Analysis and Testing Center, Jiangsu University, for
providing us with testing services.

Conflicts of Interest: The authors state that they have no known competing financial interests or
personal relationships that would affect the work reported in this paper.

Sample Availability: Not applicable.

1. Zhao, W,; He, Z.; Tang, B.Z. Room-temperature phosphorescence from organic aggregates. Nat. Rev. Mater. 2020, 5, 869-885. [CrossRef]

2. Gu, L; Shi, H,; Bian, L.; Gu, M,; Ling, K.; Wang, X.; Ma, H.; Cai, S.; Ning, W.; Fu, L.; et al. Colour-tunable ultra-long organic
phosphorescence of a single-component molecular crystal. Nat. Photonics. 2019, 13, 406—411. [CrossRef]

3. Xiao, L.; Chen, Z.; Qu, B,; Luo, J.; Kong, S.; Gong, Q.; Kido, J. Recent progresses on materials for electrophosphorescent organic
light-emitting devices. Adv. Mater. 2011, 23, 926-952. [CrossRef] [PubMed]

4.  Wang, Z,; Zhang, Y.; Wang, C.; Zheng, X.; Zheng, Y,; Gao, L.; Yang, C.; Li, Y;; Qu, L.; Zhao, Y. Color-Tunable Polymeric
Long-Persistent Luminescence Based on Polyphosphazenes. Adv. Mater. 2020, 32, €1907355. [CrossRef] [PubMed]

5. Bolton, O.; Lee, K; Kim, H.J.; Lin, K.Y; Kim, J. Activating efficient phosphorescence from purely organic materials by crystal
design. Nat. Chem. 2011, 3, 205-210. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/molecules28083388/s1
https://www.mdpi.com/article/10.3390/molecules28083388/s1
https://doi.org/10.1038/s41578-020-0223-z
https://doi.org/10.1038/s41566-019-0408-4
https://doi.org/10.1002/adma.201003128
https://www.ncbi.nlm.nih.gov/pubmed/21031450
https://doi.org/10.1002/adma.201907355
https://www.ncbi.nlm.nih.gov/pubmed/31930607
https://doi.org/10.1038/nchem.984
https://www.ncbi.nlm.nih.gov/pubmed/21336325

Molecules 2023, 28, 3388 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hu, H,; Cheng, X.; Ma, Z.; Sijbesma, R.P.; Ma, Z. Polymer Mechanochromism from Force-Tuned Excited-State Intramolecular
Proton Transfer. J. Am. Chem. Soc. 2022, 144, 9971-9979. [CrossRef] [PubMed]

Pan, Y.; Zhang, H.; Xu, P; Tian, Y.; Wang, C.; Xiang, S.; Boulatov, R.; Weng, W. A Mechanochemical Reaction Cascade for
Controlling Load-Strengthening of a Mechanochromic Polymer. Angew. Chem. Int. Ed. Engl. 2020, 59, 21980-21985. [CrossRef]
Tu, D.; Xu, C.-N.; Fujio, Y.; Yoshida, A. Mechanism of mechanical quenching and mechanoluminescence in phosphorescent
CaZnOS:Cu. Light Sci. Appl. 2015, 4, €356. [CrossRef]

Xue, P; Ding, J.; Chen, P.; Wang, P; Yao, B.; Sun, J.; Sun, J.; Lu, R. Mechanical force-induced luminescence enhancement and
chromism of a nonplanar D-A phenothiazine derivative. . Mater. Chem. C 2016, 4, 5275-5280. [CrossRef]

Liu, H.; Gu, Y;; Dai, Y.; Wang, K.; Zhang, S.; Chen, G.; Zou, B.; Yang, B. Pressure-Induced Blue-Shifted and Enhanced Emission:
A Cooperative Effect between Aggregation-Induced Emission and Energy-Transfer Suppression. J. Am. Chem. Soc. 2020, 142,
1153-1158. [CrossRef]

Man, Z.; Lv, Z.; Xu, Z.; Liao, Q.; Liu, J.; Liu, Y,; Fu, L.; Liu, M.; Bai, S.; Fu, H. Highly Sensitive and Easily Recoverable
Excitonic Piezochromic Fluorescent Materials for Haptic Sensors and Anti-Counterfeiting Applications. Adv. Funct. Mater. 2020,
30, 2000105. [CrossRef]

Qi, Y,; Ding, N.; Wang, Z.; Xu, L.; Fang, Y. Mechanochromic Wide-Spectrum Luminescence Based on a Monoboron Complex. ACS
Appl. Mater. Interfaces 2019, 11, 8676-8684. [CrossRef] [PubMed]

Chi, Z.; Zhang, X.; Xu, B.; Zhou, X.; Ma, C.; Zhang, Y.; Liu, S.; Xu, J. Recent advances in organic mechanofluorochromic materials.
Chem. Soc. Rev. 2012, 41, 3878-3896. [CrossRef] [PubMed]

Zhao, N.; Li, M,; Yan, Y,; Lam, JW.Y;; Zhang, Y.L.; Zhao, Y.S.; Wong, K.S.; Tang, B.Z. A tetraphenylethene-substituted pyridinium
salt with multiple functionalities: Synthesis, stimuli-responsive emission, optical waveguide and specific mitochondrion imaging.
J. Mater. Chem. C 2013, 1, 4640-4646. [CrossRef]

Wang, C.; Xu, B.; Li, M,; Chi, Z,; Xie, Y.; Li, Q.; Li, Z. A stable tetraphenylethene derivative: Aggregation-induced emission,
different crystalline polymorphs, and totally different mechanoluminescence properties. Mater. Horiz. 2016, 3, 220-225. [CrossRef]
Zhang, H.; Wang, B.; Yu, X,; Li, J.; Shang, ].; Yu, J. Carbon Dots in Porous Materials: Host-Guest Synergy for Enhanced Performance.
Angew. Chem. Int. Ed. Engl. 2020, 59, 19390-19402. [CrossRef] [PubMed]

Li, J.; Wang, B.; Zhang, H.; Yu, ]. Carbon Dots-in-Matrix Boosting Intriguing Luminescence Properties and Applications. Small
2019, 15, e1805504. [CrossRef]

Tao, S.; Lu, S.; Geng, Y.; Zhu, S.; Redfern, S.A.T.; Song, Y.; Feng, T.; Xu, W.; Yang, B. Design of Metal-Free Polymer Carbon Dots: A
New Class of Room-Temperature Phosphorescent Materials. Angew. Chem. Int. Ed. Engl. 2018, 57, 2393-2398. [CrossRef]

Tan, J.; Li, Q.; Meng, S.; Li, Y.; Yang, J.; Ye, Y;; Tang, Z.; Qu, S.; Ren, X. Time-dependent phosphorescence colors from carbon dots
for advanced dynamic information encryption. Adv. Mater. 2021, 33, 2006781. [CrossRef]

Zhang, Y.; Gao, L.; Zheng, X.; Wang, Z.; Yang, C.; Tang, H.; Qu, L.; Li, Y.; Zhao, Y. Ultraviolet irradiation-responsive dynamic
ultralong organic phosphorescence in polymeric systems. Nat. Commun. 2021, 12, 2297. [CrossRef]

Chung, Y.J.; Kim, J.; Park, C.B. Photonic Carbon Dots as an Emerging Nanoagent for Biomedical and Healthcare Applications.
ACS Nano 2020, 14, 6470-6497. [CrossRef] [PubMed]

Zhu, Z.; Zhai, Y,; Li, Z.; Zhu, P; Mao, S.; Zhu, C.; Du, D.; Belfiore, L.A.; Tang, J.; Lin, Y. Red carbon dots: Optical property
regulations and applications. Mater. Today 2019, 30, 52-79. [CrossRef]

Li, Q.; Zhou, M.,; Yang, M.; Yang, Q.; Zhang, Z.; Shi, J. Induction of long-lived room temperature phosphorescence of carbon dots
by water in hydrogen-bonded matrices. Nat. Commun. 2018, 9, 734. [CrossRef] [PubMed]

Buscema, M; Island, J.O.; Groenendijk, D.J.; Blanter, S.I.; Steele, G.A.; van der Zant, H.S.; Castellanos-Gomez, A. Photocurrent
generation with two-dimensional van der Waals semiconductors. Chem. Soc. Rev. 2015, 44, 3691-3718. [CrossRef]

Wang, Z.; Yuan, E; Li, X,; Li, Y.; Zhong, H.; Fan, L.; Yang, S. 53% efficient red emissive carbon quantum dots for high color
rendering and stable warm white-light-emitting diodes. Adv. Mater. 2017, 29, 1702910. [CrossRef]

Zhang, C.; Han, Y,; Lin, L.; Deng, N.; Chen, B.; Liu, Y. Development of Quantum Dots-Labeled Antibody Fluorescence
Immunoassays for the Detection of Morphine. . Agric. Food. Chem. 2017, 65, 1290-1295. [CrossRef]

Yuan, F; Wang, Y.-K,; Sharma, G.; Dong, Y.; Zheng, X.; Li, P; Johnston, A.; Bappi, G.; Fan, ].Z.; Kung, H.; et al. Bright high-colour-purity
deep-blue carbon dot light-emitting diodes via efficient edge amination. Nat. Photonics 2019, 14, 171-176. [CrossRef]

Tan, J.; Zhang, J.; Li, W.; Zhang, L.; Yue, D. Synthesis of amphiphilic carbon quantum dots with phosphorescence properties and
their multifunctional applications. J. Mater. Chem. C 2016, 4, 10146-10153. [CrossRef]

Tan, ].; Zou, R.; Zhang, J.; Li, W.; Zhang, L.; Yue, D. Large-scale synthesis of N-doped carbon quantum dots and their phosphores-
cence properties in a polyurethane matrix. Nanoscale 2016, 8, 4742—4747. [CrossRef]

Xu, X;; Ray, R;; Gu, Y.; Ploehn, H.J.; Gearheart, L.; Raker, K.; Scrivens, W.A. Electrophoretic analysis and purification of fluorescent
single-walled carbon nanotube fragments. J. Am. Chem. Soc. 2004, 126, 12736-12737. [CrossRef]

Tao, S.; Feng, T.; Zheng, C.; Zhu, S.; Yang, B. Carbonized Polymer Dots: A Brand New Perspective to Recognize Luminescent
Carbon-Based Nanomaterials. J. Phys. Chem. Lett. 2019, 10, 5182-5188. [CrossRef] [PubMed]

Zhang, Y.; Liu, X,; Fan, Y,; Guo, X.; Zhou, L.; Lv, Y,; Lin, J. One-step microwave synthesis of N-doped hydroxyl-functionalized
carbon dots with ultra-high fluorescence quantum yields. Nanoscale 2016, 8, 15281-15287. [CrossRef] [PubMed]

Wang, B.; Yu, J.; Sui, L.; Zhu, S; Tang, Z.; Yang, B.; Lu, S. Rational design of multi-color-emissive carbon dots in a single reaction
system by hydrothermal. Adv. Sci. 2021, 8, 2001453. [CrossRef] [PubMed]


https://doi.org/10.1021/jacs.2c03056
https://www.ncbi.nlm.nih.gov/pubmed/35617457
https://doi.org/10.1002/anie.202010043
https://doi.org/10.1038/lsa.2015.129
https://doi.org/10.1039/C6TC01193D
https://doi.org/10.1021/jacs.9b11080
https://doi.org/10.1002/adfm.202000105
https://doi.org/10.1021/acsami.8b21617
https://www.ncbi.nlm.nih.gov/pubmed/30689340
https://doi.org/10.1039/c2cs35016e
https://www.ncbi.nlm.nih.gov/pubmed/22447121
https://doi.org/10.1039/c3tc30759j
https://doi.org/10.1039/C6MH00025H
https://doi.org/10.1002/anie.202006545
https://www.ncbi.nlm.nih.gov/pubmed/32452131
https://doi.org/10.1002/smll.201805504
https://doi.org/10.1002/anie.201712662
https://doi.org/10.1002/adma.202006781
https://doi.org/10.1038/s41467-021-22609-y
https://doi.org/10.1021/acsnano.0c02114
https://www.ncbi.nlm.nih.gov/pubmed/32441509
https://doi.org/10.1016/j.mattod.2019.05.003
https://doi.org/10.1038/s41467-018-03144-9
https://www.ncbi.nlm.nih.gov/pubmed/29467414
https://doi.org/10.1039/C5CS00106D
https://doi.org/10.1002/adma.201702910
https://doi.org/10.1021/acs.jafc.6b05305
https://doi.org/10.1038/s41566-019-0557-5
https://doi.org/10.1039/C6TC03027K
https://doi.org/10.1039/C5NR08516K
https://doi.org/10.1021/ja040082h
https://doi.org/10.1021/acs.jpclett.9b01384
https://www.ncbi.nlm.nih.gov/pubmed/31424936
https://doi.org/10.1039/C6NR03125K
https://www.ncbi.nlm.nih.gov/pubmed/27500530
https://doi.org/10.1002/advs.202001453
https://www.ncbi.nlm.nih.gov/pubmed/33437569

Molecules 2023, 28, 3388 11 of 11

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Deng, Y.; Zhao, D.; Chen, X.; Wang, F.; Song, H.; Shen, D. Long lifetime pure organic phosphorescence based on water soluble
carbon dots. Chem. Commun. 2013, 49, 5751-5753. [CrossRef]

Li, Q.; Cheng, D.; Gu, H,; Yang, D.; Li, Y.; Meng, S.; Zhao, Y.; Tang, Z.; Zhang, Y.; Tan, ]. Aggregation-induced Color Fine-tunable
Carbon Dot Phosphorescence Covering from Green to Near-infrared for Advanced Information Encryption. Chem. Eng. J. 2023,
462,142339. [CrossRef]

Liu, Y;; Kang, X.; Xu, Y; Li, Y.; Wang, S.; Wang, C.; Hu, W.; Wang, R.; Liu, ]. Modulating the Carbonization Degree of Carbon Dots
for Multicolor Afterglow Emission. ACS Appl. Mater. Interfaces 2022, 14, 22363-22371. [CrossRef]

Jiang, K.; Wang, Y.; Lin, C.; Zheng, L.; Du, ]J.; Zhuang, Y.; Xie, R.; Li, Z.; Lin, H. Enabling robust and hour-level organic long
persistent luminescence from carbon dots by covalent fixation. Light Sci. Appl. 2022, 11, 80. [CrossRef]

Han, Z.; Li, P; Deng, Y.; Li, H. Reversible and color-variable afterglow luminescence of carbon dots triggered by water for
multi-level encryption and decryption. Chem. Eng. ]. 2021, 415, 128999. [CrossRef]

Li, Q.; Meng, S.; Li, Y,; Cheng, D.; Gu, H.; Zhao, Z.; Tang, Z.; Tan, J.; Qu, S. Surface ionization-induced tunable dynamic
phosphorescence colors from carbon dots on paper for dynamic multimode encryption. Carbon 2022, 195, 191-198. [CrossRef]
Zhao, J.-L.; Luo, Q.-Y.; Ruan, Q.; Chen, K.; Liu, C.; Redshaw, C.; Jin, Z. Red/Green Tunable-Emission Carbon Nanodots for Smart
Visual Precision pH Sensing. Chem. Mater. 2021, 33, 6091-6098. [CrossRef]

Navrotskaya, A.; Aleksandrova, D.; Chekini, M.; Yakavets, I.; Kheiri, S.; Krivoshapkina, E.; Kumacheva, E. Nanostructured
Temperature Indicator for Cold Chain Logistics. ACS Nano 2022, 16, 8641-8650. [CrossRef] [PubMed]

Liang, Y.-C.; Gou, S.-S.; Liu, K.-K.; Wu, W.-J.; Guo, C.-Z.; Lu, S.-Y,; Zang, J.-H.; Wu, X.-Y.; Lou, Q.; Dong, L.; et al. Ultralong and
efficient phosphorescence from silica confined carbon nanodots in aqueous solution. Nano Today 2020, 34, 100900. [CrossRef]
Li, Q; Qin, Y,; Cheng, D.; Cheng, M.; Zhao, H.; Li, L.; Qu, S,; Tan, J.; Ding, J. Moist-Electric Generator with Efficient Output and Scalable
Integration Based on Carbonized Polymer Dot and Liquid Metal Active Electrode. Adv. Funct. Mater. 2023, 33,2211013. [CrossRef]
Jiang, K.; Wang, Y.; Cai, C.; Lin, H. Conversion of Carbon Dots from Fluorescence to Ultralong Room-Temperature Phosphores-
cence by Heating for Security Applications. Adv. Mater. 2018, 30, e1800783. [CrossRef]

Liu, J.; Wang, N.; Yu, Y,; Yan, Y;; Zhang, H.; Li, J.; Yu, J. Carbon dots in zeolites: A new class of thermally activated delayed
fluorescence materials with ultralong lifetimes. Sci. Adv. 2017, 3, e1603171. [CrossRef]

Dong, X.; Wei, L.; Su, Y.; Li, Z.; Geng, H.; Yang, C.; Zhang, Y. Efficient long lifetime room temperature phosphorescence of carbon
dots in a potash alum matrix. J. Mater. Chem. C 2015, 3, 2798-2801. [CrossRef]

Sun, Y;; Liu, J.; Pang, X.; Zhang, X.; Zhuang, J.; Zhang, H.; Hu, C.; Zheng, M.; Lei, B.; Liu, Y. Temperature-responsive conversion
of thermally activated delayed fluorescence and room-temperature phosphorescence of carbon dots in silica. . Mater. Chem. C
2020, 8, 5744-5751. [CrossRef]

Feng, Q.; Xie, Z.; Zheng, M. Colour-tunable ultralong-lifetime room temperature phosphorescence with external heavy-atom
effect in boron-doped carbon dots. Chem. Eng. J. 2021, 420, 127647. [CrossRef]

Wang, J.; Li, Q.; Zheng, ].; Yang, Y.; Liu, X.; Xu, B. N, B-Codoping Induces High-Efficiency Solid-State Fluorescence and Dual
Emission of Yellow/Orange Carbon Dots. ACS Sustain. Chem. Eng. 2021, 9, 2224-2236. [CrossRef]

Li, W.; Zhou, W.; Zhou, Z.; Zhang, H.; Zhang, X.; Zhuang, ].; Liu, Y.; Lei, B.; Hu, C. A Universal Strategy for Activating the Multicolor
Room-Temperature Afterglow of Carbon Dots in a Boric Acid Matrix. Angew. Chem. Int. Ed. Engl. 2019, 58, 7278-7283. [CrossRef]
Li, S.; Wu, M,; Kang, Y.,; Zheng, HW.; Zheng, X.J.; Fang, D.C.; Jin, L.P. Grinding-Triggered Single Crystal-to-Single Crystal
Transformation of a Zinc(IT) Complex: Mechanochromic Luminescence and Aggregation-Induced Emission Properties. Inorg.
Chem. 2019, 58, 4626-4633. [CrossRef] [PubMed]

Li, Q.; Zhao, Z.; Meng, S.; Li, Y,; Zhao, Y.; Zhang, B.; Tang, Z.; Tan, J.; Qu, S. Ultra-strong phosphorescence with 48% quantum
yield from grinding treated thermal annealed carbon dots and boric acid composite. SmartMat 2021, 3, 260-268. [CrossRef]
Huang, L.; Liu, L; Li, X;; Hu, H,; Chen, M.; Yang, Q.; Ma, Z.; Jia, X. Crystal-state photochromism and dual-mode
mechanochromism of an organic molecule with fluorescence, room-temperature phosphorescence, and delayed fluorescence.
Angew. Chem. Int. Ed. 2019, 58, 16445-16450. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/c3cc42600a
https://doi.org/10.1016/j.cej.2023.142339
https://doi.org/10.1021/acsami.2c01804
https://doi.org/10.1038/s41377-022-00767-y
https://doi.org/10.1016/j.cej.2021.128999
https://doi.org/10.1016/j.carbon.2022.03.063
https://doi.org/10.1021/acs.chemmater.1c01620
https://doi.org/10.1021/acsnano.1c11421
https://www.ncbi.nlm.nih.gov/pubmed/35451833
https://doi.org/10.1016/j.nantod.2020.100900
https://doi.org/10.1002/adfm.202211013
https://doi.org/10.1002/adma.201800783
https://doi.org/10.1126/sciadv.1603171
https://doi.org/10.1039/C5TC00126A
https://doi.org/10.1039/D0TC00507J
https://doi.org/10.1016/j.cej.2020.127647
https://doi.org/10.1021/acssuschemeng.0c07992
https://doi.org/10.1002/anie.201814629
https://doi.org/10.1021/acs.inorgchem.9b00195
https://www.ncbi.nlm.nih.gov/pubmed/30869518
https://doi.org/10.1002/smm2.1075
https://doi.org/10.1002/anie.201908567
https://www.ncbi.nlm.nih.gov/pubmed/31486173

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Apparatus 
	Synthesis of CDs 
	Synthesis of CD@BA with Different Concentration of CDs 

	Conclusions 
	References

